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a b s t r a c t
Vegetation change and anthropogenic development are altering ecosystems and decreasing biodiver-
sity. Successful management of ecosystems threatened by multiple stressors requires development of
ecosystem conservation plans rather than single species plans. We selected the big sagebrush (Arte-
misia tridentata Nutt.) ecosystem to demonstrate this approach. The area occupied by the sagebrush
ecosystem is declining and becoming increasingly fragmented at an alarming rate because of conifer
encroachment, exotic annual grass invasion, and anthropogenic development. This is causing range-
wide declines and localized extirpations of sagebrush associated fauna and flora. To develop an eco-
system conservation plan, a synthesis of existing knowledge is needed to prioritize and direct man-
agement and research. Based on the synthesis, we concluded that efforts to restore higher
elevation conifer-encroached, sagebrush communities were frequently successful, while restoration
of exotic annual grass-invaded, lower elevation, sagebrush communities often failed. Overcoming exo-
tic annual grass invasion is challenging and needs additional research to improve the probability of
restoration and identify areas where success would be more probable. Management of fire regimes
will be paramount to conserving sagebrush communities, as infrequent fires facilitate conifer
encroachment and too frequent fires promote exotic annual grasses. Anthropogenic development
needs to be mitigated and reduced to protect sagebrush communities and this probably includes more
conservation easements and other incentives to landowners to not develop their properties. Threats to
the sustainability of sagebrush ecosystem are daunting, but a coordinated ecosystem conservation
plan that focuses on applying successful practices and research to overcome limitations to conserva-
tion is most likely to yield success.
Published by Elsevier Ltd.
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1. Current situation
Conservation efforts have traditionally focused on individual
species and have been exceedingly expensive for limited successes
(Vitousek et al., 1997a; Tear et al., 1995). Single species conserva-
tion plans are often a reactive response that provides protection for
species that are at risk of extinction if new management is not
implemented to halt or reverse their decline (Simberloff, 1998).
More comprehensive conservation efforts that focus on entire eco-
systems will be more effective and benefit more species (Vitousek
et al., 1997a; Lester et al., 2010). Multiple conservation objectives
can be achieved by focusing on ecosystem conservation as opposed
to single species conservation. Ecosystem conservation efforts
would be proactive and subsequently decrease the risk of needing
individual species conservation plans to prevent their demise.
However, ecosystem conservation requires identifying the major
stressors degrading the ecosystem and developing strategies to
overcome or mediate those factors. The sagebrush (Artemisia) eco-
system is a prime example of an area where many conservation
objectives could be simultaneously achieved by developing a com-
prehensive ecosystem conservation plan.
The sagebrush ecosystem is one of the most imperiled in the
United States (Noss et al., 1995). More than 350 sagebrush-
associated plants and animals have been identified as species of
conservation concern (Suring et al., 2005a,b; Wisdom et al.,
2005). The continued loss of the sagebrush ecosystem is increasing
the risk of local extirpation or even regional loss of sagebrush obli-
gate and facultative species and is interrupting the economic sus-
tainability of livestock operations that rely on sagebrush plant
communities for forage. The sagebrush ecosystem at one time
occupied over 62 million hectares in the western United States
and southwestern Canada (Küchler, 1970; McArthur and Plummer,
1978; Miller et al., 1994; Tisdale et al., 1969; West and Young,
2000). Despite its large geographical distribution, the sagebrush
ecosystem is being lost at an alarming rate and only occupies about
56% of its historic range and is highly fragmented (Schroeder et al.,
2004; Knick et al., 2003). This ecosystem is being converted to
conifer woodlands, exotic annual grass and introduced grass com-
munities, and croplands, and is being degraded and fragmented by
anthropogenic development.
The objectives of this paper are to (1) highlight existing prob-
lems relative to maintaining and restoring the ecological integrity
of the big sagebrush ecosystem, (2) provide specific solutions
(where possible) to overcoming the aforementioned problems,
(3) identify critical areas of research to support these efforts, and
(4) provide an example of an approach that could be applied to
conserve other ecosystems. This will provide the information
needed to prioritize and direct research and management to halt
and subsequently reverse the decline in the area occupied by the
sagebrush ecosystem. The strategies proposed to restore and con-
serve the big sagebrush ecosystem in North America should pro-
vide direction to assist in developing conservation plans for other
ecosystems around the world. These include other Artemisia eco-
systems threatened by desertification, overharvesting of shrubs
for fuel, and improper grazing (Han et al., 2008; Sasaki et al.,
2008; Bedunah et al., 2010; Louhaichi and Tastad, 2010), as well
as, many other ecosystems facing multiple stressors (Samson
et al., 2004; Bond and Parr, 2010; Lester et al., 2010; Lindenmayer
and Hunter, 2010).
2. Impacts of the stressors
An interesting conservation conundrum exists for the sagebrush
ecosystem, because the fire regime alterations underlying the
undesirable shifts in vegetation can be either a decrease or an in-
crease in fire frequency. At higher elevations, exemplified by
mountain big sagebrush (Artemisia tridentata spp. vaseyana (Rydb.)
Beetle) plant communities, the lack of periodic fire has allowed
conifer encroachment (Fig. 1) (Miller and Rose, 1999; Miller
et al., 2000). While at the lower elevations, commonly Wyoming
big sagebrush (A. tridentata spp. wyomingensis (Beetle & A. Young)
S.L. Welsh) communities and at times basin big sagebrush (A.
tridentata Nutt. ssp. tridentata) communities, frequent fires have
promoted exotic annual grass dominance (Knapp, 1996; Chambers
et al., 2007). Similar issues have been seen in the tropics where in-
creases in fire frequency have eliminated tropical forests at the
same time decreases in fire frequency have allowed tree encroach-
ment in savannas and grasslands (Bond and Parr, 2010). Though
exotic annual grass invasion and conifer encroachment mostly oc-
cur in different sagebrush plant community types, conifer
encroachment and exotic annual grass invasion appear to be over-
lapping more commonly than they have in the past (Fig. 2). When
sagebrush communities are at risk of or are both annual grass-
invaded and conifer-encroached, conservation efforts are most lim-
ited by the annual grass invasion and therefore, recommendations
for management addressing the annual grass issue are most
relevant.
Fig. 1. Sagebrush plant community encroached by conifers in Idaho (left) and invaded by exotic annual grass in Oregon (right). Photos courtesy of Kirk Davies.
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Conifer woodlands have expanded from historically fire-safe
sites into more productive sagebrush communities (Miller and
Wigand, 1994; Gruell, 1999; Miller and Rose, 1999; Miller and
Tausch, 2001; Miller et al., 2005; Weisberg et al., 2007; Romme
et al., 2009) and the tree density has increased in historically open
savannah like stands (Nichol, 1937; Johnson and Miller, 2008).
Juniper (Juniperus osteosperma [Torr.] Little, Juniperus occidentalis
Hook., Juniperus scopulorum Sarg.) and piñon (Pinus monophylla
Torr. & Frén, Pinus edulis Engelm.) woodlands occupy approxi-
mately 19 million ha in the Intermountain West. As much as 90%
of the current area of these woodlands was sagebrush plant com-
munities prior to the European American settlement (Tausch
et al., 1981; Johnson and Miller, 2006; Miller et al., 2008). Increas-
ing tree cover in sagebrush communities eliminates sagebrush and
can significantly decrease the herbaceous understory (Blackburn
and Tueller, 1970; Miller et al., 2000; Bates et al., 2005; Suring
et al., 2005a,b; Chambers et al., 2007). Conifer encroachment is
detrimental to sagebrush obligate wildlife because of the loss of
sagebrush, fragmentation of sagebrush habitats, potential de-
creases in herbaceous forage, and increased predation (Connelly
et al., 2000; Miller et al., 2005). Decreased herbaceous understory
production and cover with conifer encroachment (Blackburn and
Tueller, 1970; Barney and Frischknecht, 1974; Miller et al., 2000;
Suring et al., 2005a,b; Chambers et al., 2007) also reduces livestock
carrying capacity and accelerates soil erosion (Davenport et al.,
1998; Bates et al., 2005; Pierson et al., 2007).
Exotic annual grasses have invaded many lower elevation sage-
brush communities and are expanding into higher elevation com-
munities. Exotic annual grass invasion is especially devastating to
sagebrush communities because it increases fire frequency (Brooks
et al., 2004; Pellant et al., 2004; Davies and Svejcar, 2008; Davies,
in press). Increased fire frequency prevents reestablishment of
sagebrush and is detrimental to most other native perennial plants,
leading to near monocultures of exotic annual grasses. Plant com-
munity diversity and native plants abundance decline exponen-
tially with increasing densities of exotic annual grass (Davies, in
press). Exotic annual grass invasions are changing sagebrush land-
scapes to a new state dominated by exotic annual grasslands and
high fire frequencies (Knick and Rotenberry, 1997). Pellant and
Hall (1994) estimate that 5.7 million ha of publicly-owned lands
in the Intermountain West were infested with the exotic annual
grasses, medusahead (Taeniatherum caput-medusae (L.) Nevski),
cheatgrass (Bromus tectorum L.), or both; however, they concluded
that the area at risk of invasion by these two grasses is at least
25 million hectares. Much of the area at risk and already converted
to exotic annual grasslands would otherwise be sagebrush commu-
nities. This estimate is probably conservative given the recent
expansion of exotic annual grasses into more productive plant
communities that were thought to be resistant to annual grass
invasion and because Pellant and Hall (1994) only evaluated public
lands. Meinke et al. (2009) estimated a moderate to high probabil-
ity of cheatgrass dominance on 28 million ha in the Intermountain
West in Idaho, Oregon, Nevada, Utah, and Washington. A large por-
tion of this area is or was dominated by sagebrush. Based on these
estimates it is evident that exotic annual grasses have caused large
declines in the area occupied by the sagebrush ecosystem and
threaten substantial additional reductions. The exotic annual grass
problem is likely to become more severe due to increasing atmo-
spheric CO2 levels, which can increase exotic annual grass produc-
tivity and fuel loads and, thereby, may increase fire frequency and
intensity (Ziska et al., 2005).
Livestock grazing is nearly ubiquitous across the sagebrush eco-
system. However, its impact on sagebrush communities varies con-
siderably by management. Heavy, repeated use without rest or at
least growing season deferment negatively impacts the herbaceous
component of sagebrush plant communities and can facilitate exo-
tic annual grass invasion of lower elevation sites (Daubenmire,
1970; Mack, 1981; Knapp, 1996) and, by decreasing fire frequency
in higher elevation sites, the encroachment of conifers (Miller et al.,
1994, 2005). Improperly managed livestock grazing negatively im-
pacts sagebrush plant communities; however, its most significant
impacts are the effects of its interaction with other factors to cause
changes in vegetation. In contrast to heavy grazing, moderate lev-
els of grazing with periods of rest and/or growing season defer-
ment do not negatively impact sagebrush plant communities
(West et al., 1984; Courtois et al., 2004; Manier and Hobbs,
2006). Properly managed livestock grazing can also decrease risk,
size, and severity of wildfires (Diamond et al., 2009; Davies et al.,
2010a) and thereby decrease the risk of post-fire exotic annual
grass invasion (Davies et al., 2009). Though appropriately managed
grazing is critical to protecting the sagebrush ecosystem, livestock
grazing per se is not a stressor threatening the sustainability of the
ecosystem. Thus, cessation of livestock grazing will not conserve
the sagebrush ecosystem.
Energy extraction and exploration and other development have
also fragmented and degraded sagebrush communities (Braun
et al., 2002; Bergquist et al., 2007; Lyon and Anderson, 2003;
Naugle et al., 2011). Fragmentation can be very high in sagebrush
landscapes developed for energy extraction. For instance, every
1 km2 was bounded by a road and bisected by a powerline in por-
tions of the Powder River Basin of northeastern Wyoming where
ranching, energy development, and tillage agriculture occurred
(Naugle et al., 2011). Infrastructure associated with energy devel-
opment including earthen dams, pipelines, roads, and well pads
serve as vectors for the introduction of invasive plants within sage-
brush-dominated systems, leading to further degradation of frag-
mented landscapes (Bergquist et al., 2007). Roads are particularly
noted for their ability to encourage invasion of exotic weeds in
semiarid rangelands (Gelbard and Belnap, 2003). Sagebrush wild-
life including mule deer (Odocoileus hemionus) (Sawyer et al.,
2006, 2009), sage-grouse (Centrocercus urophasianus) (Doherty
et al., 2008; Walker et al., 2007; Naugle et al., 2011), and song birds
(Ingelfinger and Anderson, 2004) avoid energy development infra-
structure, leading to indirect habitat loss in areas near energy
development. The area occupied by sagebrush has also been re-
duced and fragmented by cultivation. The portion of the sagebrush
ecosystem converted to cropland and introduced grassland is un-
known, but can be locally substantial. For example, areas with deep
loamy soils that once supported big sagebrush communities are
now largely cultivated (Winward, 1980; Vander Haegen et al.,
2000). Large expanses of sagebrush plant communities have also
been divided into smaller parcels (e.g., ranchettes) as human pop-
ulations have increased in western states. Dividing large parcels of
largely undeveloped wild and agricultural lands into large lot res-
idencies is termed ex-urban development and is the fastest grow-
ing form of land use across the United States (Brown et al., 2005).
Fig. 2. Sagebrush plant community in Oregon invaded by exotic annual grass and
encroached by junipers. Photo courtesy of Kirk Davies.
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Ex-urban growth decreases native plant and animal diversity, in-
creases exotics (including non-native predators), and restricts the
use of ecosystemmanagement options such as fire to prevent coni-
fer encroachment (Knight et al., 1995; Maestas et al., 2003; Hansen
et al., 2005). Increases in human populations have been demon-
strated to increase fire frequency in Mediterranean-climate ecosys-
tems (Syphard et al., 2009), thus ex-urban development of
sagebrush plant communities will also elevate the risk of frequent
fires promoting exotic annual grass invasion and dominance.
The loss of sagebrush communities is a concern in part because
these plant communities provide critical habitat for sagebrush
obligate and facultative wildlife species. Sagebrush obligate wild-
life species populations are of increasing concern. Long-term mon-
itoring of sage-grouse populations has documented a steady
decline across their range since the 1960s (Connelly and Braun,
1997; Connelly et al., 2004). Aldridge et al. (2008) suggested that
the loss of sagebrush habitat was a critical factor in the extirpation
of local sage-grouse populations. Areas of reduced sagebrush and
elevated herbaceous cover may provide seasonal habitat benefits,
but only when they are a small portion of an otherwise sage-
brush-dominated landscape (Dahlgren et al., 2006). Winter diets
of sage-grouse consist almost exclusively of sagebrush leaves
(Patterson, 1952; Wallestead et al., 1975). Similarly, pygmy rabbits
(Brachylagus idahoensis) consume large quantities of sagebrush
(Green and Flinders, 1980; Shipley et al., 2006). Facultative wildlife
species may also depend on sagebrush for a large component of
their diets. Mule deer, elk (Cervus elaphus), and pronghorn (Antilo-
capra Americana) seasonal diets may also contain large amounts of
sagebrush (Mason, 1952; MacCracken and Hansen, 1981; Austin
and Urness, 1983).
High quality forage production in sagebrush communities is de-
creased with exotic annual grass invasion (Hironaka, 1961; Davies
and Svejcar, 2008; Davies, in press) and conifer encroachment
(Tausch and Tueller, 1990; Miller et al., 2000; Bates et al., 2005,
2011), which could significantly reduce the economic stability of
many rural communities. The loss of forage also increases the risk
of conversion of additional sagebrush communities to introduced
grasslands and irrigated croplands as livestock producers strive
to offset the loss in production. The loss of productive native range-
lands may compel some livestock producers to consider selling
their property for ex-urban development to offset loss of income.
To conserve sagebrush plant communities land managers and
policy makers need to: (1) prevent undesirable vegetation shifts
from occurring, (2) restore communities invaded by exotic annual
grass or encroached by conifers, and (3) reduce and mitigate
anthropogenic development. Conserving the sagebrush ecosystem
will protect sagebrush obligate and facultative wildlife species,
provide sustainable livestock production, maintain ecosystem
function, and decrease the risk of catastrophic wildfires.
3. Preventing undesirable vegetation shifts
3.1. Preventing exotic annual grass invasion
Restoring plant communities after they have been invaded by
exotic plants is expensive and often fails (Vitousek et al., 1997b;
D’Antonio et al., 2001). In addition, seed sources for many native
plant species displaced by exotic plant invasion are not available
or are exceedingly expensive to obtain for restoration (Davies
and Svejcar, 2008). Thus, where possible, there should be efforts
to prevent exotic annual grass invasion into intact sagebrush com-
munities to preclude the need for restoration (Radosevich et al.,
1997; Byers et al., 2002). The importance of prevention is height-
ened by the spatial scale of current invasive annual grass problem.
With contemporary technology, active management of a problem
of this spatial magnitude would require inordinate amounts of cap-
ital input and levels of logistical resources that are likely infeasible.
Clearly, prevention must play an important role in maintaining the
integrity of sagebrush plant communities at risk of conversion to
exotic annual grass communities. Preventing exotic plant invasion
can be accomplished by focusing on increasing or maintaining the
invasion resistance of native plant communities and reducing the
propagule pressure of exotic annual grasses (Simberloff, 2003;
Davies and Sheley, 2007; Davies et al., 2010b).
The invasion resistance of sagebrush plant communities to exo-
tic annual grasses is largely driven by perennial grasses. Perennial
grasses are one of the most important consumers of soil resources
in sagebrush plant communities (James et al., 2008) and therefore,
the ability of exotic annual grasses to invade native plant commu-
nities is inversely correlated to perennial grass density (Davies,
2008; Davies et al., 2010b). However, other functional groups are
also important to the use of a site’s resources and thereby decreas-
ing invasibility (Davies et al., 2007a; James et al., 2008; Prevéy
et al., 2010).
Management actions have significant influence on the invasion
resistance of sagebrush plant communities. Overuse by domestic
livestock reduces the ability of lower elevation sagebrush plant
communities to resist annual grass invasion (Daubenmire, 1970;
Mack, 1981; Knapp, 1996). However, Svejcar and Tausch (1991)
and Davies et al. (2006) also found exotic annual grasses in sage-
brush communities that had not been grazed by livestock. Com-
plete grazing exclusion can also promote exotic annual grass
invasion in some situations. Davies et al. (2009) determined that
long-term grazing exclusion followed by fire resulted in exotic an-
nual grass invasion, while fire following moderate levels of grazing
did not promote invasion. Moderate levels of livestock grazing
made the perennial herbaceous component of the sagebrush plant
communities more tolerant of fire (Davies et al., 2009), perhaps
due to a reduction in crown litter which can decrease fire severity
in the vicinity of growing points on perennial bunchgrasses (Davies
et al., 2010a).
Severe disturbances should be minimized because they may
eliminate native plants and greatly increase the resources available
to invasive plants (Sheley et al., 1999; Clark, 2003; Davies et al.,
2009). For example, severe fires or other disturbances in sagebrush
plant communities are often followed by exotic annual grass inva-
sion (Stewart and Hull, 1949; Evans and Young, 1985; Young and
Allen, 1997). However, eliminating all disturbances is not advised.
Low severity disturbances are less likely to promote invasion and
may actually increase the biotic resistance of the plant community
to invasion over the long-term (Davies et al., 2008, 2009). For
example, low severity burning of Wyoming big sagebrush plant
communities did not result in exotic annual grass invasion (Davies
et al., 2007b), even with moderate levels of livestock use (Bates
et al., 2009). Low severity disturbances may also increase the abil-
ity of sagebrush communities to tolerate potentially more severe
disturbances (Davies et al., 2009). Increases in perennial grasses
following disturbances that remove woody vegetation are critical
to preventing exotic annual grass invasions (Bates et al., 2005;
Davies et al., 2009).
Wildfires present a critical risk in conversion of invasion-prone
sagebrush communities to exotic annual grasslands (Chambers
et al., 2007). Moderate levels of livestock grazing play a vital role
in reducing the risk and severity of wildfires by decreasing fine fuel
loads and continuity (Davies et al., 2010a). Strategic grazing and
other fuel management techniques could be used to interrupt
otherwise continuous high fine fuel loads and provide opportuni-
ties to suppress catastrophic wildfires or otherwise limit the
spread of such fire events. Diamond et al. (2009) demonstrated
that strategically grazing exotic annual grass dominated plant
communities could reduce fuel loads and continuity enough to
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prevent a flame front from carrying across the treated areas even
under peak fire conditions. Targeted grazing may be a critical tool
for breaking the exotic annual grass-fire cycle by decreasing the
probability of fire disturbance (Diamond et al., 2009).
3.2. Preventing conifer encroachment
Restoring infrequent fires in mountain big sagebrush is critical
to preventing the continued expansion of conifer woodlands. Sim-
ilar needs for restoring fire disturbance regimes to prevent woody
plant encroachment exists around the world (Samson et al., 2004;
Bond and Parr, 2010; Wiens and Bachelet, 2010). Prescribed fires
are more efficient than mechanical treatments across large land-
scapes because they are less costly to apply and control tree seed-
lings that would be missed with mechanical treatments.
Mechanical treatments of conifers also result in an accumulation
of dry, combustible fuels on a site that pose a significant wildfire
risk (Miller et al., 2005; Bates and Svejcar, 2009).
Restoring periodic fires to sagebrush landscapes threatened by
woodland encroachment is challenging because fire is frequently
viewed negatively by the public, can be difficult to control, may
promote annual grass dominance, and poses some risk to property
and life. Furthermore, with the decline in sagebrush and sagebrush
obligate wildlife, it may seem counter-productive to burn existing
sagebrush plant communities, because fire removes sagebrush
from the plant community. However, to successfully maintain
the sagebrush ecosystem over time, periodic fires will probably
be necessary to curtail conifer encroachment. The key will be to
maintain a balance of productive sagebrush plant communities
for sagebrush obligate wildlife species, while burning acreages suf-
ficient to halt the continued expansion of woodlands. It is critical
that reintroduction of fire be limited to sagebrush communities
threatened by conifer encroachment and not applied to Wyoming
big sagebrush communities without woodland development and at
risk of exotic annual grass invasion. While fire is an important tool
to reduce conifer encroachment, at lower elevations it can increase
the risk of exotic annual grass invasion (Chambers et al., 2007) and
degrade the quality of habitat for sagebrush obligate wildlife (Beck
et al., 2009; Rhodes et al., 2010). Furthermore, it may take 25–
100 years for Wyoming big sagebrush to recover following burning
(Baker, 2011).
Planning for landscape-level burns will be especially challeng-
ing, given the impacts on a wide variety of ecosystem services.
Implementing large scale prescribed burning projects may require
rotationally burning segments of a landscape to control encroach-
ing conifers, but simultaneously providing adequate habitat to
maintain sagebrush obligate wildlife populations. These projects
would be deployed over decades to allow for recovery of sagebrush
in prior burned areas to limit the total reduction of sagebrush dom-
inated acreage at any one point in time.
4. Restoration
4.1. Restoring exotic annual grass-invaded communities
Successful restoration of Wyoming big sagebrush communities
invaded by annual grasses is a difficult process (Rafferty and
Young, 2002; Eiswerth et al., 2009) complicated by multiple factors
including: (1) the complex nature of the problem, (2) deficiencies
in knowledge of contextual ecology and restoration technologies,
and (3) the large spatial scale of the problem. Restoring annual-
grass infested sagebrush communities is a complex problem in
which environmental variability defines windows of management
opportunity in space and time (Thompson et al., 2001; Boyd and
Svejcar, 2009). Wyoming big sagebrush plant communities are
drier and hotter than mountain big sagebrush plant communities
(West et al., 1978; Winward and Tisdale, 1977; Winward, 1980),
thus there may not be as many years (i.e., windows of opportunity)
where successful establishment of native vegetation will occur.
This problem is even greater where competition from exotic annu-
als makes success even less likely. The central challenges for resto-
ration in complex ecological environments are to determine the
properties that define existing windows and/or determine how to
create new windows of opportunity.
This process is made more difficult by acute deficiencies in our
knowledge of the ecological context surrounding the problem.
First, our knowledge of the seedling ecology of most native plants
is limited with many basic questions unanswered. For example,
whereas research indicates that maintenance of perennial grasses
is critical to minimizing annual grass invasion (e.g., Davies,
2008), the life history stage(s) (i.e., germination, emergence, or
establishment) most limiting to seeded perennial grass species or
environmental conditions that are most favorable to success at
any of these stages remains unknown. Secondly, we must be able
to link plot scale knowledge of mechanisms controlling seedling
ecology to the scale at which the problem actually occurs (i.e.,
the landscape). This will involve, among other things, a dramatic
increase in knowledge of variability in environmental conditions
over space and time.
While established, adult perennial grasses can compete effec-
tively with invasive annual species (Chambers et al., 2007), the
same is not true at the seedling stage; slower growing perennial
grass seedlings will be outcompeted by faster growing annual
grass seedlings (Young and Mangold, 2008). There are a number
of herbicides that can be used to non-selectively kill annual grasses
(e.g., glyphosate) or selectively reduce their emergence (e.g.,
imazapic). However, even if exotic annual grasses are successfully
controlled, seeded native perennial bunchgrasses often fail to
establish and exotics rapidly reinvade (Young, 1992; Monaco
et al., 2005; Rafferty and Young, 2002). To date, there are no
cost-efficient techniques to control large acreages invaded by exo-
tic annual grass (Stohlgren and Schnase, 2006).
4.2. Restoring conifer-encroached communities
Compared to exotic grass-dominated sites, successful restora-
tion is more likely in conifer-encroached sagebrush plant commu-
nities. Conifers encroaching into mountain big sagebrush plant
communities are effectively controlled with mechanical and pre-
scribed fire treatments (Barney and Frischknecht, 1974; Tausch
and Tueller, 1977; Everett and Ward, 1984; Skousen et al., 1989;
Bates et al., 2000; Rau et al., 2008). The greatest threat to successful
restoration of conifer-encroached sagebrush plant communities is
post-control exotic plant invasion, especially by invasive annual
grasses (Evans and Young, 1985; Young et al., 1985; Baughman
et al., 2010). Fortunately, however, many conifer-encroached sage-
brush plant communities are at minimal risk of exotic annual grass
invasion and steps can be taken to reduce the risk of invasion in
susceptible communities, such as winter and spring burning (Bates
and Svejcar, 2009).
It is important to recognize woodland development phases
when managing conifer encroachment (Miller et al., 2005). Phase
I woodlands are dominated by sagebrush and herbaceous species
with few trees present. In Phase II, trees co-dominate with sage-
brush and herbaceous vegetation. In Phase III, trees dominate veg-
etation, sagebrush is largely eliminated, and the herbaceous layer
is reduced. Cutting one-quarter to one-third of the trees is required
in some Phase II and most Phase III woodlands to increase surface
fuels to carry prescribed fire through woodlands in early to mid-
fall (Miller et al., 2005; Bates et al., 2006, 2011). Spring burning re-
quires higher precutting levels, between 33% and 75% of the stand,
K.W. Davies et al. / Biological Conservation 144 (2011) 2573–2584 2577
to carry prescribed fire through the woodlands (Bates et al., 2006).
Seasonality of prescribed burning can influence the effectiveness of
encroaching woodland control and the response of understory veg-
etation (Bates et al., 2006). Fall burning compared to spring burn-
ing can eliminate more trees, but can also result in large decreases
in understory vegetation and potentially increase the risk of exotic
annual grass invasion (Bates et al., 2006). Spring burning will prob-
ably need follow-up management to control trees that survived the
burn (Bates et al., 2006). Similarly, mechanically treated wood-
lands may also need follow-up treatments because tree seedlings
and seed often survive and may rapidly reoccupy sites (Tausch
and Tueller, 1977; Skousen et al., 1989; Bates et al., 2005). Exotic
annual grasses may initially increase in some woodland control
treatments, but if sufficient perennial herbaceous vegetation re-
mains, the exotic annual grasses eventually become an insignifi-
cant component of the plant community (Bates et al., 2005;
Bates and Svejcar, 2009). On sites without adequate understory,
favorable response to woodland control requires revegetation
(Sheley and Bates, 2008). However, 2–3 perennial grasses/m2 ap-
pear to be sufficient to permit natural recovery after conifer control
(Bates et al., 2005; Bates and Svejcar, 2009). Sagebrush and other
shrubs often recover after conifer control (Barney and Frischkn-
echt, 1974; Tausch and Tueller, 1977; Skousen et al., 1989), but
the rate of recovery can be slow when shrub densities are low prior
to woodland control (Bates et al., 2005). Thus, there may be some
benefit to post-control sagebrush seeding in woodlands with little
sagebrush remaining. Seeded sagebrush can rapidly establish and
grow at sites that have been prescribed burned to control
encroaching conifers (Davies, unpublished data).
In critical sagebrush wildlife habitat where encroaching conifers
are sub- or co-dominant with sagebrush (Phases I and II) cutting
conifers without subsequent broadcast prescribed fire post-cutting
would be the most prudent treatment option. This would remove
the immediate threat of habitat loss to conifer encroachment, while
maintaining sagebrush in the plant community. This treatment
could also be used to increase the amount of functional sagebrush
habitat, so adjacent landscapes could be treatedwith prescribed fire
without significantly reducing the local habitat available to sage-
brush obligate and facultative wildlife. However, this treatment is
expensive and requires more frequent re-application than pre-
scribed burning to control encroaching conifers (Miller et al.,
2005). Thus, this treatment should be limited to habitat that if lost
would cause irreversible declines in sagebrush associated wildlife.
Though exotic annual grasses can be a threat after conifer con-
trol, these treatments are useful to restore sagebrush plant com-
munities and protect sagebrush wildlife habitat. Priority should
be given to areas with minimal risk of exotic annual grass invasion
post-treatment and efforts should be made to reduce negative im-
pacts of conifer control on residual desirable vegetation. In treat-
ment areas with minimal understory (pre or post-conifer
control), reseeding may be necessary to expedite recovery and re-
duce the risk of exotic annual grass invasion (Sheley and Bates,
2008). At present, restoration of sagebrush plant communities en-
croached by piñon and juniper is limited by inadequate resources
to apply control treatments across enough landscapes to have
meaningful reductions in the area encroached by conifers. Thus,
restoring sagebrush plant communities encroached by conifers will
require greater resource allocation than is currently applied. Resto-
ration of a fire cycle that will prevent conifer encroachment, but al-
low sagebrush dominated plant communities to develop is
critically needed for long-term success.
4.3. Native versus introduced perennial bunchgrasses
Practitioners in low elevation sagebrush communities (e.g., the
Wyoming big sagebrush alliance) often use non-native bunchg-
rasses in revegetation efforts due to low establishment and limited
availability and high cost of native perennial bunchgrass seed
(Asay et al., 2001; Epanchin-Niell et al., 2009). In addition, some
non-native perennial grasses may remain green longer than na-
tives during the summer period, helping to reduce the incidence
of wildfires (Pellant, 1990). Non-native bunchgrasses most fre-
quently used in revegetation efforts are crested wheatgrasses
(Agropyron cristatum (L.) Gaertn. and A. desertorum (Fisch. Ex Link)
Schult.) and, at times, Siberian wheatgrass (A. fragile (Roth)
P. Candargy) (Holechek, 1981). Crested wheatgrass was originally
seeded in the sagebrush biome to increase livestock forage and
to displace halogeton (Halogeton glomeratus (M. Bieb.) C.A. Mey),
a plant poisonous to sheep (Miller, 1956; Frischknecht, 1968).
Crested wheatgrass is highly competitive with native perennial
bunchgrasses of sagebrush communities and may limit diversity of
native species (Hull and Klomp, 1967; Asay et al., 2001). Marlette
and Anderson (1986) suggested that stability of crested wheatgrass
stands over time may be associated with their ability to dominate
the soil seed pool and that diversification of plant communities
dominated by this species will involve removal of both mature
plants and propagules. At present, the feasibility of restoring
non-native Agropyron plant communities to their full complement
of native species diversity has not been rigorously evaluated. Lim-
ited research suggests that success in re-introducing native vegeta-
tion following control of crested wheatgrass may vary strongly
based on environmental conditions as well as restoration tech-
nique (Bakker et al., 2003; Hulet et al., 2010; Fansler and Mangold,
2011). Because of this variability, the most effective restoration
treatment regime will likely be dependent on conditions in time
and space, making adaptive management necessary (Henderson
and Naeth, 2005).
From the standpoint of wildlife diversity, crested wheatgrass
has been reported to provide a forage resource for mammalian
wildlife (Urness et al., 1983; Ganskopp et al., 1993), but provides
limited habitat resources for shrub-associated avifauna (Reynolds
and Trost, 1981; McAdoo et al., 1989) and caused decreased densi-
ties of small mammal and reptilian species (Reynolds and Trost,
1980). Crested wheatgrass stands do not provide habitat for sage-
brush obligate wildlife species until sagebrush reestablishes
(Reynolds and Trost, 1981; McAdoo et al., 1989). It will also be
important to facilitate perennial forb establishment in crested
wheatgrass stands to increase their value as habitat for sagebrush
wildlife. In grassland ecosystems, non-native perennial grasses,
including crested wheatgrass, may not strongly impact avian abun-
dance and reproduction as long as structural conditions are similar
to native habitats (Davis and Duncan, 1999; Kennedy et al., 2009).
Much of the work addressing the influence of crested wheat-
grass on ecological processes has taken place in the Great Plains
ecoregion (Smoliak et al., 1967; Dormaar et al., 1978; Trlica and
Biondini, 1990; Dormaar et al., 1995; Henderson and Naeth,
2005) and thus, probably is not relevant to the sagebrush ecosys-
tem. In sagebrush plant communities, Chen and Stark (2000) found
little difference in C and N cycling associated with presence of
crested wheatgrass. Similarly, Chambers et al. (2007) reported that
low elevation crested wheatgrass sites had similar soil water and
nitrate availability compared to low elevation sites dominated by
native perennial vegetation. Overall, current research contains lit-
tle evidence to suggest substantive changes in ecological processes
when native perennial bunchgrass is replaced with crested wheat-
grass in sagebrush plant communities.
Ultimately, decisions regarding the practical aspects (as op-
posed to sociologic concerns) of using non-native perennial
bunchgrasses in the revegetation context will be influenced
strongly by ecological site. On higher elevation mountain big sage-
brush sites, use of native species may be more practical given in-
creased resource availability and rates of revegetation success,
2578 K.W. Davies et al. / Biological Conservation 144 (2011) 2573–2584
and diminished threat of annual grass invasion (Dahlgren et al.,
1997; Chambers et al., 2007; Leger et al., 2009). On lower elevation
Wyoming big sagebrush sites, where revegetation success is rela-
tively low and the threat of annual grass invasion is high, use of
non-native bunchgrass species, such as crested wheatgrass, may
represent a prudent interim revegetation alternative from an eco-
logical standpoint (Asay et al., 2001). The benefits of using crested
wheatgrass in lower elevation revegetation must be weighed
against the potential for inhibition of native plant diversity. While
restoration of crested wheatgrass communities to native plant
dominance remains problematic (Hulet et al., 2010; Fansler and
Mangold, 2011), maintenance of soil resources and ecological pro-
cesses associated with introduced perennial plant communities
suggests that this transition would be much easier than restoring
native vegetation on annual grass-dominated sites (Cox and
Anderson, 2004; Ewel and Putz, 2004). Establishing some form of
perennial grass is key to preventing invasion by exotic annual grass
species (Eiswerth and Shonkwiler, 2006; Davies, 2008) and associ-
ated degradation of ecosystem function. On Wyoming big sage-
brush ecological sites, establishment of crested wheatgrass is
substantially higher than native species (Robertson et al., 1966;
Hull, 1974; Boyd and Davies, 2010). If exotic annual grasses invade
a plant community, they increase the risk that adjacent plant com-
munities will burn frequently and subsequently be invaded
(D’Antonio and Vitousek, 1992). Exotic annual grass invasion also
decreases soil organic matter, disrupts nutrient cycling, decreases
soil water availability, reduces energy capture, increases suscepti-
bility to soil erosion, decreases biodiversity, and promotes frequent
fire disturbances (Melgoza et al., 1990; Whisenant, 1990;
D’Antonio, 2000; Davies and Svejcar, 2008; Davies, in press). These
alterations to site characteristics greatly decrease the likelihood of
successful restoration (D’Antonio and Meyerson, 2002). Thus,
crested wheatgrass, in certain situations, may be an important spe-
cies to preventing the expansion of exotic annual grasses (Waldron
et al., 2005; Davies et al., 2010b) and conserving important site
characteristics.
Although sagebrush seldom establishes in exotic annual grass
communities, it often reestablishes in crested wheatgrass stands
(Frischknecht and Bleak, 1957; McAdoo et al., 1989). Once estab-
lished, sagebrush can coexist and persist with crested wheatgrass
because of large niche differentiation (Gunnell et al., 2010). Sage-
brush-crested wheatgrass communities provide better wildlife
habitat for sagebrush obligate and facultative wildlife (McAdoo
et al., 1989) and are more desirable than exotic annual grass-dom-
inated plant communities.
5. Anthropogenic development
Anthropogenic development is a global threat to ecosystems,
including the sagebrush ecosystem. Energy extraction and explora-
tion and other development have fragmented and degraded sage-
brush plant communities, often to the detriment of sagebrush
obligate and facultative wildlife species (Braun et al., 2002; Lyon
and Anderson, 2003; Naugle et al., 2011). This threat has increased
in recent years with the demand for energy and the push for more
wind energy development. As the United States increases its
domestic energy production to decrease its dependence on foreign
sources, impacts will continue to increase (Doherty et al., 2010). At
the same time, ex-urban development is also increasing. Ex-urban
development is the fastest growing land use in the United States
(Brown et al., 2005) and expanding in the western United States
at three times that of the rest of the country (Cromartie and War-
dwell, 1999).
Because development is a societal issue, as long as the desire for
energyandex-urban residences exceeds thedesire to conserve sage-
brush plant communities and associated fauna, sagebrush commu-
nitieswill be lost.However, there are options todecrease these types
of developments, strategically protect vital areas, and mitigate im-
pacts. Application of themitigationhierarchyof avoid,minimize, re-
store, or offset will reduce the impacts of development.
Conservation can be improved by using a landscape vision with
the mitigation hierarchy, especially where offsets are used, to min-
imize the impact of development (Kiesecker et al., 2010; Doherty
et al., 2010). Offsets are implemented to address the remaining envi-
ronmental damage after efforts have implemented to avoid or re-
duce impacts with the goal of achieving a net neutral or positive
environmental outcome (Kiesecker et al., 2009, 2010). Strategic
placement of offsets can protect high value conservation areas and
ensure enough continuous sagebrushhabitat tomeetwildlife needs.
Conservation easements to land trusts, open-space tax initiatives,
andwatershed- and community-based conservation efforts can also
provide the means to protect sagebrush plant communities from
development. There are also options for zoning, condemnation,
and tax regulations to control development; that, though legal, are
increasingly unpopular (Knight, 1999). Although zoning and plan-
ning offer pathways to conserve rural lands, they have proven to
be relatively ineffective (Brunson and Huntsinger, 2008).
One approach to preventing development of sagebrush plant
communities is to keep ranching operations, especially ranching
families, on their ranches. Though some have argued that ranching
does not conserve native plant communities (Fleischner, 1994;
Noss, 1994; Jones, 2000), functioning livestock ranches provide
better wildlife habitat and have less exotic species than ex-urban
development lands, and, at times, preserves (Knight et al., 1995;
Maestas et al., 2003), and can maintain many ecological processes
that would otherwise be lost (Brunson and Huntsinger, 2008).
Well-managed livestock grazing either has limited impact (West
et al., 1984; Rickard, 1985; Courtois et al., 2004; Manier and Hobbs,
2006) or beneficial effects including decreased risk of conversion to
exotic annual grass communities (Davies et al., 2009, 2010a). If
ranches are not maintained or profitable, they will be sold and
most likely developed (Wilkins et al., 2003). Conservation ease-
ments are effective tools to provide incentives for ranching opera-
tions to continue ranching and not develop their properties. In
sagebrush ecosystems experiencing high development pressure,
properties with easements had greater evidence of wildlife use
and were less fragmented by roads than properties without ease-
ments (Pocewicz et al., 2011). Conservation easements that deed
development rights in perpetuity to a land trust have the potential
to minimize the negative consequences of issues associated with
tax and inheritance liabilities by limiting the value of the property
for purposes other than agriculture or conservation. Additionally,
easements that retire development rights will, by definition, pre-
vent ex-urban development of the property. Reduced inheritance
taxes and other tax break incentives can decrease the cost of main-
taining privately owned ranches (Sheridan, 2007; Brunson and
Huntsinger, 2008) and help preempt the need to sub-divide prop-
erties for financial reasons. Decreasing monetary reasons for pri-
vate landowners to sell their properties for development, either
through conservation easements, tax breaks, or other options, is
critical to successfully protecting remaining sagebrush
communities.
6. Research needs
The most pressing research questions related to conserving
sagebrush communities revolve around restoration of exotic an-
nual grass-invaded areas. Research is needed to develop either
long-term control of exotic annual grasses and/or permanently re-
duce their competitive ability. Efforts to use high concentrations of
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indigenous soil bacterium (Kennedy et al., 1991, 2001) and fungi
(Meyer et al., 2008) that are pathogens to some exotic annual
grasses could prove quite valuable in reducing the abundance of
annual grasses in the restoration environment. Because exotic an-
nual grasses are so widespread at this point, some form of biolog-
ical control is very appealing. Other biological control measures
should continue to be investigated, but to date none have demon-
strated much promise at providing a long-term solution to annual
grass invasion and dominance in sagebrush communities.
Even with successful control of exotic annual grasses, restora-
tion is constrained by a lack of knowledge pertaining to seedling
establishment ecology and the variability (in time and space) of
opportunities to successfully restore these plant communities. This
knowledge would enhance restoration success by defining existing
opportunities for restoration, developing techniques to create new
restoration opportunities, and maximizing success when opportu-
nities arise. Efforts to define existing windows of opportunity will
benefit greatly from working within process-based ecological
frameworks that identify primary causes of succession and provide
direction and structure in uncertain ecological environments (Boyd
and Svejcar, 2009). Identifying factors that drive restoration suc-
cess will increase the utility of research findings over a broader
spatial and temporal horizon.
Ultimately, if existingwindows of restoration opportunity can be
defined, linking remotely-sensed recognition of these windows to
seeding technologies (e.g., seed drills) has the potential tomaximize
seeding success while minimizing logistical and capital restoration
expenditures. It is conceivable that we may one day be able to use
precisionagriculture-like technologies in rangeland seeding that ad-
just seed rate and other factors in accordance with variability in
environmental conditions (Berry et al., 2003). In general, there have
not been major advances in the tools and technologies used to
implement restoration strategies within the rangeland context. For
example, each yearmanagers spend tens of millions of dollars seed-
ing vegetation on western rangelands, predominately with aerial or
drill seeding technologies (Knutson et al., 2009). The practice of aer-
ial seeding has changed little since its inception and rangeland seed
drills are a rudimentary outgrowth of early 20th Century row crop
agriculture. James and Svejcar (2010) demonstrated that drill seed-
ing is not consistently an effectivemethod to revegetate rangelands.
To fully realize on-the-ground benefits of our growing knowledge of
seedling ecology there must be concomitant improvement in seed-
ing tools and technologies.
While it may be tempting to mimic pre-European settlement
conditions in an effort to bolster restoration success, practitioners
should be cautious when inferring present-day restoration strate-
gies based on the historical ecology of existing plant species. Histor-
ical disturbance regimes and climate patterns that shaped the
environment inwhich perennial species evolvedmay ormay not re-
late strongly to current disturbance regimes (Whisenant, 1990) and
environmental conditions (Tausch et al., 1993; Ziska et al., 2005),
particularly inWyomingbig sagebrush communities at risk of exotic
annual grass invasion (Davies et al., 2009). Creating new opportuni-
ties for restoring sagebrush plant communities will involvemodify-
ing the seeding and/or seedling environment to create conditions
suitable for germination, emergence and survival; regardless of
whether these conditions bear resemblance to the pre-European
environment. One advantage to creating new opportunities is that
existing opportunities may occur only sporadically in space and
time (Boyd and Svejcar, 2009). Such efforts would benefit from,
but are not necessarily contingent upon a comprehensive under-
standing of seedling ecology of native plants. An example of this ap-
proach could be the use of seed coating technologies (e.g. Madsen
et al., 2010) to delay germination until soil water levels will ade-
quately promote emergence and growth of germinated seeds. Alter-
natively, creating new management options may be linked to more
clearly defining existing windows. For example, Boyd and Davies
(2010) found that post-fire seeding success of perennial grasses
was several orders of magnitude higher inmicrosites that were pre-
viously under sagebrush canopies as opposed to interspaces be-
tween canopies. If the mechanisms driving such differential
seeding success can be identified, it may be possible to incorporate
those processes into existing technologies to amend the seeding
environment; effectively creating new opportunities for successful
restoration. Global changes in atmospheric chemistry, climatic pat-
terns, and species distributions may require that past restoration
practices be re-evaluated on a broad scale.
While perennial bunchgrasses have been the focus ofmuchof the
revegetation effort in sagebrush communities, restoring the full
diversity of sagebrush plant community structure and species is
important. For example, restoring sagebrush is critical to providing
many of the services needed by sagebrush obligate wildlife species.
As with perennial grasses, success of sagebrush restoration on an-
nual grass-prone sites has been dubious and varies strongly over
time and space (Lysne and Pellant, 2004). Active restoration of sage-
brush is often necessary because large burns reduce or eliminate
propagule production (Ziegenhagen and Miller, 2009) and less than
half of the seeds in the soil seed pool remain viable after 2 years
(Wijayratne and Pyke, 2009). Sagebrush seeds are also only
dispersed relatively short distances (Young and Evans, 1989), thus
considerable time would be required for seeds to reach the interior
of large burns. On-going efforts with transplanted nursery or wild
sagebrush (e.g.,Monsenet al., 2004) are encouraging, but these tech-
niques are labor intensive and costly. The economic feasibility of
transplant efforts could be increased substantially by determining
where to create strategically located sagebrush islands that could
serve as future propagule sources for a larger area (Reever-Morghan
and Sheley, 2005; Ziegenhagen and Miller, 2009).
Because of the difficulty and cost of restoring sagebrush plant
communities, research investigating how management, distur-
bances, and climate interact to influence the invasibility of sage-
brush communities is critical. For example, Davies et al. (2009)
demonstrated that management prior to fire had substantial influ-
ence on post-fire exotic annual grass invasion, even though prior to
burning few vegetation differences were detected. In addition, re-
search needs to scale-up plot research to the land management
scale, because research plots are commonly less than a quarter of
a hectare, whereas management actions are frequently applied at
scales of thousands to tens of thousands of hectares.
Though the majority of research gaps relate to restoring annual
grass invaded sagebrush plant communities, there are a few re-
search needs related to conifer control treatments. Additional re-
search is needed to expedite sagebrush plant community
recovery post-treatment and determine the longevity of different
woodland control treatments across varying stand development
and site characteristics. Such research would also be valuable to
allocating resources and planning retreatment needs to maintain
restored sagebrush communities.
Mitigation could also be improved by determining where and
how anthropogenic development should be implemented to have
the least impact. Critical to successfully conserving the sagebrush
ecosystem will be determining where offset should be applied to
achieve the best conservation results. Improving low-impact en-
ergy development is needed to allow the United States to meet
its domestic energy production needs, while conserving sagebrush
and other native ecosystems.
7. Conclusions
We suggest that any comprehensive effort to maintain or re-
store an ecosystemmust involve the following steps: (1) identifica-
2580 K.W. Davies et al. / Biological Conservation 144 (2011) 2573–2584
tion of primary stressors and risks to the ecosystem, (2) application
of conservation practices which are known to be successful, (3) tar-
geting research efforts on stressors which cannot currently be re-
solved with management practices, and (4) periodic evaluation of
stressors, management opportunities and research needs. It is not
unusual to see management efforts expended in areas where suc-
cess is low and unpredictable, and research spread across many
different areas. We suggest that targeting management to practices
which are usually successful and focusing research on areas where
success is limited will be the most efficient approach from an over-
all conservation standpoint.
The sagebrush ecosystem and the species dependent upon it are
threatened by a wide variety of ‘‘natural’’ and anthropogenic dis-
turbance processes. Other ecosystems throughout the world are
faced with similar situations where multiple stressors are simulta-
neously threatening their sustainability (Samson et al., 2004;
Lester et al., 2010; Lindenmayer and Hunter, 2010). Thus, develop-
ment and implementation of comprehensive ecosystem conserva-
tion plans are critical. Research and active management are needed
to decrease the impacts of multiple stressors and restore already
degraded plant communities. Additionally, limiting anthropogenic
development and mitigating its impacts will be critical factors to
reducing the degradation of ecosystems. This will require strategic
application of the mitigation hierarchy at the ecosystem level and
increased use of conservation easements and other incentives to
keep private landowners, predominately livestock ranchers in the
sagebrush ecosystem, from selling or leasing properties for
development.
The general success of restoring mountain big sagebrush plant
communities by controlling encroaching conifers and frequent fail-
ure of efforts to restoreWyoming big sagebrush plant communities
invaded by exotic annual grasses suggest that: (1) future research
will be crucial in restoring annual grass-invaded sagebrush plant
communities and (2) management should focus on preventing
the spread of exotic annual grasses and controlling conifer
encroachment. Research could make significant headway in restor-
ing sagebrush plant communities invaded by exotic annual grasses
by delineating communities by their probability of successful res-
toration. Thus, efforts could first focus on sites with the greatest
probability of being restored. Identifying the mechanisms that
cause restoration success and failure is critical to developing suc-
cessful restoration techniques and technologies.
Fire is a controversial issue in sagebrush plant communities be-
cause of exotic annual grasses and the decline of the sagebrush
ecosystem. Fire disturbance needs to be minimized in the drier
Wyoming big sagebrush communities and be reintroduced in
mountain big sagebrush communities. Priority should be placed
on restoring infrequent fires to sagebrush plant communities that
are in the early phases of woodland development, especially in
areas where fire will still occur without additional treatment. Once
this has been accomplished, efforts can be directed at restoring
sagebrush plant communities that are in late phases of conifer
encroachment. A longer-term view of restoration is needed, where
short-term loss of sagebrush dominance to reduce early conifer
encroachment is acceptable and practiced where it will not result
in a devastating decline in habitat for sagebrush-associated wild-
life. Management in areas at risk of exotic annual grass invasion
should focus on preventing the continued spread of exotic annual
grasses and limiting disturbances, particularly fire, which removes
sagebrush from the plant community. This may include seeding
introduced perennial grass after wildfires within areas that are al-
ready invaded or around the perimeter of existing exotic annual
grass infestations. Maintaining the status quo is not adequate, suc-
cessful conservation of the sagebrush ecosystem will require
addressing exotic annual grass invasions, encroaching conifers,
and anthropogenic development issues. The threats to the sage-
brush ecosystem are significant, but with sufficient resources and
time, the outlined strategy can, in the opinion of the authors, be
successful. Similar ecosystem conservation plans can be developed
for other areas by identifying major stressors, determining and
applying conservation practices that are often successful, and iden-
tifying where research is needed to overcome conservation
limitations.
Acknowledgements
We are grateful to Drs. Jeremy James, Steve Petersen, and Matt
Madsen for reviewing earlier versions of the manuscript. We
appreciate the constructive reviews of this manuscript by the six
anonymous reviewers. Funding was provided by USDA – Agricul-
tural Research Service, University of Wyoming, and USDI – Fish
and Wildlife Service.
References
Aldridge, C.L., Nielsen, S.E., Beyer, H.L., Boyce, M.S., Connelly, J.W., Knick, S.T.,
Schroeder, M.A., 2008. Range-wide patterns of greater sage-grouse persistence.
Divers. Distrib. 14, 983–994.
Asay, K.H., Horton, W.H., Jensen, K.B., Palazzo, A.J., 2001. Merits of native and
introduced Triticeae grasses on semiarid rangelands. Can. J. Plant Sci. 81, 45–52.
Austin, D.D., Urness, P.J., 1983. Overwinter forage selection by mule deer on a
seeded big sagebrush-grass range. J. Wildl. Manage. 47, 1203–1207.
Baker, W.L., 2011. Pre-EuroAmerican and recent fire in sagebrush ecosystems. Stud.
Avian Biol. 38, 185–201.
Bakker, J.D., Wilson, S.D., Christian, J.M., Xingdong, L., Ambrose, L.G., Waddington, J.,
2003. Contingency of grassland restoration on year, site, and competition from
introduced grasses. Ecol. Appl. 13, 137–153.
Barney, M.A., Frischknecht, N.C., 1974. Vegetation changes following fire in the
pinyon–juniper type of west-central Utah. J. Range Manage. 27, 91–96.
Bates, J.D., Svejcar, T.J., 2009. Herbaceous succession after burning of cut western
juniper trees. West. N. Am. Nat. 69, 9–25.
Bates, J.D., Miller, R.F., Svejcar, T.J., 2000. Understory dynamics in cut and uncut
western juniper woodlands. J. Range Manage. 53, 119–126.
Bates, J.D., Miller, R.F., Svejcar, T.J., 2005. Long-term successional trends following
western juniper cutting. Range. Ecol. Manage. 58, 533–541.
Bates, J.D., Miller, R.F., Davies, K.W., 2006. Restoration of quaking aspen woodlands
invaded by western juniper. Range. Ecol. Manage. 59, 88–97.
Bates, J.D., Rhodes, E.C., Davies, K.W., Sharp, R., 2009. Postfire succession in big
sagebrush steppe with livestock grazing. Range. Ecol. Manage. 62, 98–110.
Bates, J.D., Davies, K.W., Sharp, R.N., 2011. Shrub-steppe early succession following
invasive juniper cutting and prescribed fire. Environ. Manage. 47, 468–481.
Baughman, C., Forbis, T.A., Provencher, L., 2010. Response of two sagebrush sites to
low-disturbance, mechanical removal of piñyon and juniper. Invasive Plant Sci.
Manage. 3, 122–129.
Beck, J.L., Connelly, J.W., Reese, K.P., 2009. Recovery of greater sage-grouse habitat
features in Wyoming big sagebrush following prescribed fire. Restor. Ecol. 17,
393–403.
Bedunah, D.J., Shank, C.C., Alavi, M.A., 2010. Rangelands of Band-e-Amir National
Park and Ajar Provisional Wildlife Reserve, Afghanistan. Rangelands 32, 41–52.
Bergquist, E., Evangelista, P., Stohlgren, T.J., Alley, N., 2007. Invasive species and coal
bed methane development in the Powder River Basin, Wyoming. Environ.
Monit. Assess. 128, 381–394.
Berry, J.K., Detgado, J.A., Khosla, R., Pierce, F.J., 2003. Precision conservation for
environmental sustainability. J. Soil Water Conserv. 58, 332–339.
Blackburn, W.H., Tueller, P.T., 1970. Pinyon and juniper invasion in black sagebrush
communities in east-central Nevada. Ecology 51, 841–848.
Bond, W.J., Parr, C.L., 2010. Beyond the forest edge: ecology, diversity, and
conservation of grassy biomes. Biol. Conserv. 143, 2395–2404.
Boyd, C.S., Davies, K.W., 2010. Shrub microsite influences post-fire perennial grass
establishment. Range. Ecol. Manage. 63, 248–252.
Boyd, C.S., Svejcar, T.J., 2009. Managing complex problems in rangeland ecosystems.
Range. Ecol. Manage. 62, 491–499.
Braun, C.E., Oedekoven, O.O., Aldridge, C.L., 2002. Oil and gas development in
western North America: effects on sagebrush steppe avifauna with particular
emphasis on sage grouse. Trans. N. Am. Wildl. Nat. Resour. Conf. 67, 337–349.
Brooks, M.L., D’Antonio, C.M., Richardson, D.M., Grace, J.B., Keeley, J.E., DiTomaso,
J.M., Hobbs, R.J., Pellant, M., Pyke, D., 2004. Effects of invasive alien plants on fire
regimes. Bioscience 54, 677–688.
Brown, D.G., Johnson, K.M., Loveland, T.R., Theobald, D.M., 2005. Rural land-use
trends in the conterminous United States, 1950–2000. Ecol. Appl. 15, 1851–
1863.
Brunson, M., Huntsinger, L., 2008. Ranching as a conservation strategy: can old
ranchers save the new west? Range. Ecol. Manage. 61, 137–147.
Byers, J.E., Reichard, S., Randall, J.M., Parker, I.M., Smith, C.S., Lonsdale, W.M.,
Atkinson, I.A.E., Williamson, M., Choresky, E., Hayes, D., 2002. Directing research
to reduce the impacts of nonindigenous species. Conserv. Biol. 6, 630–640.
K.W. Davies et al. / Biological Conservation 144 (2011) 2573–2584 2581
Chambers, J.C., Roundy, B.A., Blank, R.R., Meyer, S.E., Whittaker, A., 2007. What
makes Great Basin sagebrush ecosystems invasible by Bromus tectorum? Ecol.
Monogr. 77, 117–145.
Chen, J., Stark, J.M., 2000. Plant species effects and carbon and nitrogen cycling in a
sagebrush-crested wheatgrass soil. Soil Biol. Biochem. 32, 47–57.
Clark, J., 2003. Invasive Plant Prevention Guidelines. Center for Invasive Plant
Management. Bozeman, MT, 15p. <http://www.weedcenter.org> (accessed
30.01.06).
Connelly, J.W., Braun, C.E., 1997. Long-term changes in sage grouse Centrocercus
urophasianus populations in western North America. Wildl. Biol. 3, 229–234.
Connelly, J.W., Schroeder, M.A., Sands, A.R., Braun, C.E., 2000. Guidelines to manage
sage-grouse populations and their habitat. Wildl. Soc. Bull. 28, 967–985.
Connelly, J.W., Knick, S.T., Schroeder, M.A., Stiver, S.J., 2004. Conservation
Assessment of Greater Sage-grouse and Sagebrush Habitats. Western
Association of Fish and Wildlife Agencies. US Government Documents (Utah
Regional Depository). Paper 73. <http://digitalcommons.usu.edu/govdocs/73>.
Courtois, D.R., Perryman, B.L., Hussein, H.S., 2004. Vegetation change after 65 years
of grazing and grazing exclusion. J. Range Manage. 57, 574–582.
Cox, R.D., Anderson, V.J., 2004. Increasing native diversity of cheatgrass-dominated
rangeland through assisted succession. J. Range Manage. 57, 203–210.
Cromartie, J.B., Wardwell, J.M., 1999. Migrants settling far and wide in the rural
West. Rural Dev. Perspect. 14, 2–8.
Dahlgren, R.A., Boettinger, J.L., Huntington, G.L., Amundson, R.G., 1997. Soil
development along an elevational transect in the western Sierra Nevada,
California. Geoderma 78, 207–236.
Dahlgren, D.K., Chi, R., Messmer, T.A., 2006. Greater sage-grouse response to
sagebrush management in Utah. Wildl. Soc. Bull. 34, 975–985.
D’Antonio, C.M., 2000. Fire, plant invasions, and global changes. In: Mooney, H.A.,
Hobbs, R.J. (Eds.), Invasive Species in a Changing World. Island Press,
Washington, DC, pp. 65–93.
D’Antonio, C.M., Meyerson, L.A., 2002. Exotic plant species as problems and
solutions in ecological restoration: a synthesis. Restor. Ecol. 10, 703–713.
D’Antonio, C.M., Vitousek, P.M., 1992. Biological invasions by exotic grasses, the
grass/fire cycle, and global change. Annu. Rev. Ecol. Syst. 23, 63–87.
D’Antonio, C.M., Levine, J., Thomsen, M., 2001. Ecosystem resistance to invasion and
the role of propagule supply: a California perspective. J. Mediter. Ecol. 2, 233–
245.
Daubenmire, R., 1970. Steppe Vegetation of Washington. Washington Agricultural
Experiment Station Technical Bulletin 62.
Davenport, D.W., Breshears, D.D., Wilcox, B.P., Allen, C.D., 1998. Viewpoint:
sustainability of piñon–juniper ecosystems – a unifying perspective of soil
erosion thresholds. J. Range Manage. 51, 231–240.
Davies, K.W., 2008. Medusahead dispersal and establishment in sagebrush steppe
plant communities. Range. Ecol. Manage. 61, 110–115.
Davies, K.W., in press. Plant community diversity and native plant abundance
decline with increasing abundance of an exotic annual grass. Oecologia.
doi:10.1007/s00442-011-1992-2.
Davies, K.W., Sheley, R.L., 2007. A conceptual framework for preventing the spatial
dispersal of invasive plants. Weed Sci. 55, 178–184.
Davies, K.W., Svejcar, T.J., 2008. Comparison of medusahead-invaded and
noninvaded Wyoming big sagebrush steppe in southeastern Oregon. Range.
Ecol. Manage. 61, 623–629.
Davies, K.W., Bates, J.D., Miller, R.F., 2006. Vegetation characteristics across part of
the Wyoming big sagebrush alliance. Range. Ecol. Manage. 59, 567–575.
Davies, K.W., Pokorny, M.L., Sheley, R.L., James, J.J., 2007a. Influence of plant
functional group removal on soil inorganic nitrogen concentrations in native
grasslands. Range. Ecol. Manage. 60, 304–310.
Davies, K.W., Bates, J.D., Miller, R.F., 2007b. Short-term effects of burning Wyoming
big sagebrush steppe in southeast Oregon. Range. Ecol. Manage. 60, 515–522.
Davies, K.W., Sheley, R.L., Bates, J.D., 2008. Does prescribed fall burning Artemisia
tridentata steppe promote invasion or resistance to invasion after a recovery
period? J. Arid. Environ. 72, 1076–1085.
Davies, K.W., Svejcar, T.J., Bates, J.D., 2009. Interaction of historical and nonhistorical
disturbances maintains native plant communities. Ecol. Appl. 19, 1536–1545.
Davies, K.W., Bates, J.D., Svejcar, T.J., Boyd, C.S., 2010a. Effects of long-term livestock
grazing on fuel characteristics in rangelands: an example from the sagebrush
steppe. Range. Ecol. Manage. 63, 662–669.
Davies, K.W., Nafus, A.M., Sheley, R.L., 2010b. Non-native competitive perennial
grass impedes the spread of an invasive annual grass. Biol. Invasions 12, 3187–
3194.
Davis, S.K., Duncan, D.C., 1999. Grassland songbird occurrence in native and
crested wheatgrass pastures of southern Saskatchewan. Stud. Avian Biol. 19,
211–218.
Diamond, J.M., Call, C.A., Devoe, N., 2009. Effects of targeted cattle grazing on fire
behavior of cheatgrass-dominated rangeland in the northern Great Basin, USA.
Int. J. Wildland Fire 18, 944–950.
Doherty, K.E., Naugle, D.E., Walker, B.L., Graham, J.M., 2008. Greater sage-grouse
winter habitat selection and energy development. J. Wildl. Manage. 72, 187–
195.
Doherty, K.E., Naugle, D.E., Evans, J.S., 2010. A currency for offsetting energy
development impacts: horse-trading sage-grouse on the open market. PLoS One
5, 1–9.
Dormaar, J.F., Johnston, A., Smoliak, S., 1978. Long-term soil changes associated with
seeded stands of crested wheatgrass in southeastern Alberta. In: Hyder, D.N.
(Ed.), Proceedings 1st International Rangeland Congress. Society for Range
Management. Denver, CO, pp. 623–625.
Dormaar, J.F., Naeth, M.A., Willms, W.D., Chanasyk, D.S., 1995. Effect of native
prairie, crested wheatgrass (Agropyron cristatum (L.) Gaertn.) and Russian
wildrye (Elymus junceus Fisch.) on soil chemical properties. J. Range Manage. 48,
258–263.
Eiswerth, M.E., Shonkwiler, J.S., 2006. Examing post-wildfire seeding on arid
rangelands: a multivariate tobit model approach. Ecol. Model. 192, 286–298.
Eiswerth, M.E., Krauter, K., Swanson, S.R., Zielinski, M., 2009. Post-fire seeding on
Wyoming big sagebrush ecological sites: regression analyses of seeded
nonnative and native species densities. J. Environ. Manage. 90, 1320–1325.
Epanchin-Niell, R., Englin, J., Nalle, D., 2009. Investing in rangeland restoration in
the Arid West, USA: countering the effects of an invasive weed on the long-term
fire cycle. J. Environ. Manage. 91, 370–379.
Evans, R.A., Young, J.A., 1985. Plant succession following control of western juniper
(Juniperus occidentalis) with picloram. Weed Sci. 33, 63–68.
Everett, R.L., Ward, K., 1984. Early plant succession on pinyon–juniper controlled
burns. Northwest Sci. 58, 57–68.
Ewel, J.J., Putz, F.E., 2004. A place for alien species in ecosystem restoration.
Frontiers Ecol. Environ. 2, 354–360.
Fansler, V.A., Mangold, J.M., 2011. Restoring native plants to crested wheatgrass
stands. Restor. Ecol. 19, 16–23.
Fleischner, T.L., 1994. Ecological costs of livestock grazing in western North
America. Conserv. Biol. 8, 629–644.
Frischknecht, N.C., 1968. Factors influencing halogeton invasion of crested
wheatgrass range. J. Range Manage. 21, 8–12.
Frischknecht, N.C., Bleak, A.T., 1957. Encroachment of big sagebrush on seeded
range in northeastern Nevada. J. Range Manage. 10, 165–170.
Ganskopp, D., Myers, B., Lambert, S., 1993. Black-tailed jackrabbit preferences for
eight forages used for reclamation of Great Basin rangelands. Northwest Sci. 64,
246–250.
Gelbard, J.L., Belnap, J., 2003. Roads as conduits for exotic plant invasions in a
semiarid landscape. Conserv. Biol. 17, 420–432.
Green, J.S., Flinders, J.T., 1980. Habitat and dietary relationships of pygmy rabbits. J.
Range Manage. 33, 136–142.
Gruell, G.E., 1999. Historical and modern roles of fire in pinyon-juniper. In: Monsen,
S.B., Stevens, R. (Comps.), Proceedings: Ecology and Management of Pinyon–
Juniper Communities in the Interior West. Proceedings RMRS-P-9. US
Department of Agriculture Forest Service, Rocky Mountain Research Station,
Ogden, UT, pp. 24–28.
Gunnell, K.L., Monaco, T.A., Call, C.A., Ransom, C.V., 2010. Seedling interference and
niche differentiation between crested wheatgrass and contrasting native Great
Basin species. Range. Ecol. Manage. 63, 443–449.
Han, J.G., Zhang, Y.J., Wang, C.J., Bai, W.M., Wang, Y.R., Han, G.D., Li, L.H., 2008.
Rangeland degradation and restoration management in China. Range. J. 30,
233–239.
Hansen, A.J., Knight, R.L., Marzluff, J.M., Powell, S., Brown, K., Gude, P.H., Jones, K.,
2005. Effects of exurban development on biodiversity: patterns, mechanisms,
and research needs. Ecol. Appl. 15, 1893–1905.
Henderson, D.C., Naeth, M.A., 2005. Multi-scale impacts of crested wheatgrass
invasion in mixed-grass prairie. Biol. Invasions 7, 639–650.
Hironaka, M., 1961. The relative rate of root development of cheatgrass and
medusahead. J. Range Manage. 14, 263–267.
Holechek, J.L., 1981. Crested wheatgrass. Rangelands 3, 151–153.
Hulet, A., Roundy, B.A., Jessop, B., 2010. Crested wheatgrass control and native plant
establishment. Range. Ecol. Manage. 63, 450–460.
Hull, A.C., 1974. Species for seeding arid rangeland in southern Idaho. J. Range
Manage. 27, 216–218.
Hull, A.C., Klomp, G.J., 1967. Thickening and spread of crested wheatgrass stands on
southern Idaho ranges. J. Range Manage. 20, 222–227.
Ingelfinger, F., Anderson, S., 2004. Passerine response to roads associated with
natural gas extraction in a sagebrush steppe habitat. West, N. Am. Nat. 64, 385–
395.
James, J.J., Svejcar, T.J., 2010. Limitations to postfire seedling establishment: the role
of seeding technology, water availability, and invasive plant abundance. Range.
Ecol. Manage. 63, 491–495.
James, J.J., Davies, K.W., Sheley, R.L., Aanderud, Z.T., 2008. Linking nitrogen
partitioning and species abundance to invasion resistance in the Great Basin.
Oecologia 156, 637–648.
Johnson, D.D., Miller, R.F., 2006. Structure and development of expanding western
juniper woodlands as influenced by two topographic variables. Forest Ecol.
Manage. 229, 7–15.
Johnson, D.D., Miller, R.F., 2008. Intermountain presettlement juniper: distribution,
abundance, and influence on postsettlement expansion. Range. Ecol. Manage.
61, 82–92.
Jones, A., 2000. Effects of cattle grazing on North America arid ecosystems: a
quantitative review. West. N. Am. Nat. 60, 155–164.
Kennedy, A.C., Elliott, L.F., Young, F.L., Douglas, C.L., 1991. Rhizobacteria suppressive
to the weed downy brome. Soil Sci. Soc. Am. J. 55, 722–727.
Kennedy, A.C., Johnson, B.N., Stubbs, T.L., 2001. Host range of a deleterious
rhizobacterium for biological control of downy brome. Weed Sci. 49, 792–797.
Kennedy, P.L., DeBano, S.J., Bartuszevige, A.M., Lueders, A.S., 2009. Effects of native
and non-native grassland plant communities on breeding passerine birds:
implications for restoration of northwest bunchgrass prairie. Restor. Ecol. 17,
515–525.
Kiesecker, J.M., Copenland, H., Pocewicz, A., Nibbelink, N., McKenney, B., Dahlke, J.,
Holloran, M., Stroud, D., 2009. A framework for implementing biodiversity
offsets: selecting sites and determining scale. Bioscience 59, 77–84.
2582 K.W. Davies et al. / Biological Conservation 144 (2011) 2573–2584
Kiesecker, J.M., Copenland, H., Pocewicz, A., McKenney, B., 2010. Development by
design: blending landscape-level planning with the mitigation hieracrchy.
Front. Ecol. Environ. 8, 261–266.
Knapp, P.A., 1996. Cheatgrass (Bromus tectorum L.) dominance in the Great Basin
Desert: history, persistence, and influences to human activities. Global Environ.
Change 6, 37–52.
Knick, S.T., Rotenberry, J.T., 1997. Landscape characteristics of disturbed
shrubsteppe habitats in southwestern Idaho (USA). Landsc. Ecol. 12, 287–297.
Knick, S.T., Dobkin, D.S., Rotenberry, J.T., Schroeder, M.A., Vander Haegen, W.M.,
Riper, C.V., 2003. Teetering on the edge or too late? Conservation and research
issues for avifauna of sagebrush habitats. The Condor 105, 611–634.
Knight, R.L., 1999. Private lands: the neglected geography. Conserv. Biol. 13, 223–
224.
Knight, R.L., Wallance, G.N., Riebsame, W.E., 1995. Ranching the view: subdivisions
verse agriculture. Conserv. Biol. 9, 459–461.
Knutson, K.C., Pyke, D.A., Wirth, T.A., Pilliod, D.S., Brooks, M.L., Chambers, J.C., 2009.
A Chronosequence feasibiLity Assessment of Emergency fire Rehabilitation
Records Within the Intermountain Western United States—Final Report to the
Joint Fire Science Program—Project 08-S-08: US Geological Survey Open-File
Report 2009-1099.
Küchler, A.W., 1970. Potential natural vegetation. In: The National Atlas of USA. Gov.
Printing Office, Washington, DC, pp. 90–91.
Leger, E.A., Espeland, E.K., Merrill, K.R., Meyer, S.E., 2009. Genetic variation and local
adaptation at a cheatgrass (Bromus tectorum) invasion edge in western Nevada.
Mol. Ecol. 18, 4366–4379.
Lester, S.E., McLeod, K.L., Tallis, H., Ruckelshaus, M., Halpern, B.S., Levin, P.S.,
Chavez, F.P., Pomery, C., McCay, B.J., Costello, C., Gaines, S.D., Mace, A.J.,
Barth, J.A., Fluharty, D.L., Parrish, J.K., 2010. Science in support of ecosystem-
based management for the US West Coast and beyond. Biol. Conserv. 143,
576–587.
Lindenmayer, D., Hunter, M., 2010. Some guiding concepts for conservation biology.
Conserv. Biol. 24, 1459–1468.
Louhaichi, M., Tastad, A., 2010. The Syrian steppe: past trends, current status, and
future priorities. Rangelands 32, 2–7.
Lyon, A.G., Anderson, S.H., 2003. Potential gas development impacts on sage grouse
nest initiation and movement. Wildl. Soc. Bull. 31, 486–491.
Lysne, C.R., Pellant, M., 2004. Establishment of Aerially Seeded Big Sagebrush
Following Southern Idaho Wildfires. Technical Bulletin 2004-01. Department of
the Interior, Bureau of Land Management, Boise, ID.
MacCracken, J.G., Hansen, R.M., 1981. Diets of domestic sheep and other large
herbivores in southcentral Colorado. J. Range Manage. 34, 242–243.
Mack, R.N., 1981. Invasion of Bromus tectorum L. into western North America: an
ecological chronicle. Agro-Ecosystems 7, 145–165.
Madsen, M.D., Petersen, S.L., Taylor, A.G., 2010. Seed Coating Compositions and
Methods for Applying Soil Surfactants to Water-repellent Soil. Pub. No. WO/
2010/111309. International Application No. PCT/US2010/28371.
Maestas, J.D., Knight, R.L., Gilgert, W.C., 2003. Biodiversity across a rural land-use
gradient. Conserv. Biol. 17, 1425–1434.
Manier, D.J., Hobbs, N.T., 2006. Large herbivores influence the composition and
diversity of shrub-steppe communities in the Rocky Mountains, USA. Oecologia
146, 641–651.
Marlette, G.M., Anderson, J.E., 1986. Seed banks and propagule dispersal in crested-
wheatgrass stands. J. Appl. Ecol. 53, 161–175.
Mason, E., 1952. Food habitats and measurements of Hart Mountain antelope. J.
Wildl. Manage. 16, 387–389.
McAdoo, J.K., Longland, W.S., Evans, R.A., 1989. Nongame bird community responses
to sagebrush invasion of crested wheatgrass seedings. J. Wildl. Manage. 53,
494–502.
McArthur, E.D., Plummer, A.P., 1978. Biogeography and management of western
native shrubs: a case study, section Tridentatae of Artemisia. Great Basin Nat.
Mem. 2, 229–243.
Meinke, C.A., Knick, S.T., Pyke, D.A., 2009. A spatial model to prioritize sagebrush
landscapes in the Intermountain West (USA) for restoration. Restor. Ecol. 17,
652–659.
Melgoza, G., Nowak, R.S., Tausch, R.J., 1990. Soil water exploitation after fire:
Competition between Bromus tectorum (cheatgrass) and two native species.
Oecologia 83, 7–13.
Meyer, S.E., Neslon, D.L., Clement, S., Beckstead, J., 2008. Cheatgrass (Bromus
tectorum) biocontrol using indigenous fungal pathogens. In: Kitchen, S.G.,
Pendleton, R.L., Moncaco, T.A., Vernon, J., (Comps.), Proceedings – Shrublands
Under Fire: Disturbance and Recovery in a Changing World, 2006 June 6–8;
Cedar City, UT. RMRS-P-52. US Department of Agriculture, Forest Service, Rocky
Mountain Research Station, Fort Collins, CO, pp. 61–67.
Miller, R.K., 1956. Control of halogeton in Nevada by range seedings and herbicides.
J. Range Manage. 9, 227–229.
Miller, R.F., Rose, J.A., 1999. Fire history and western juniper encroachment in
sagebrush steppe. J. Range Manage. 52, 550–559.
Miller, R.F., Tausch, R.J., 2001. The Role of Fire in Pinyon and Juniper Woodlands; A
Descriptive Analysis. Tall Timbers Research Station Miscellaneous Publication
No. 11, pp. 15-30.
Miller, R.F., Wigand, P.E., 1994. Holocene changes in semiarid pinyon–juniper
woodlands. BioScience 44, 465–474.
Miller, R.F., Svejcar, T.J., West, N.E., 1994. Implications of livestock grazing in the
Intermountain sagebrush region: plant composition. In: Vavra, M., Laycock,
W.A., Pieper, R.D. (Eds.), Ecological Implications of Livestock Herbivory in the
West. Society for Range Management, Denver, CO, pp. 101–146.
Miller, R.F., Svejcar, T.J., Rose, J.A., 2000. Impacts of western juniper on plant
community composition and structure. J. Range Manage. 53, 574–585.
Miller, R.F., Bates, J.D., Svejcar, T.J., Pierson, F.B., Eddleman, L.E., 2005. Biology,
Ecology, and Management of Western Juniper. Tech. Bull. 152. Oregon State
University, Corvallis, OR.
Miller, R.F., Tausch, R.J., MacArthur, D., Johnson, D.D., Sanderson, S.C., 2008.
Development of Post Settlement Piñon–Juniper Woodlands in the
Intermountain West: A Regional Perspective. Research Paper Report RMRS-
RP-69. USDA Forest Service, Rocky Mountain Research Station, Ft. Collins, CO.
Monaco, T.A., Osmond, T.M., Dewey, S.A., 2005. Medusahead control with fall- and
spring-applied herbicides in northern Utah foothills. Weed Technol. 19, 653–
658.
Monsen, S.B., Stevens, R., Shaw, N.L., (Comps.). 2004. Restoring Western Ranges and
Wildlands. General Technical Report RMRS-GTR-136-vol-1. USDA Forest
Service, Rocky Mountain Research Station, Fort Collins, CO.
Naugle, D.E., Doherty, K.E., Walker, B.L., Holloran, M.J., Copeland, H.E., 2011. Energy
development and greater sage-grouse Stud. Avian Biol. 38, 489–503.
Nichol, A.A., 1937. The natural vegetation of Arizona. Univ. Ariz. Tech. Bull., 68.
Noss, R.F., 1994. Cows and conservation biology. Conserv. Biol. 8, 613–616.
Noss, R.F., LaRoe, E.T., III, Scott, J.M., 1995. Endangered Ecosystems of the United
States: A Preliminary Assessment of Loss and Degradation. National Biological
Service Biological Report 28, Washington, DC.
Patterson, R.L., 1952. The Sage Grouse in Wyoming. Sage books, Denver, CO, 341p.
Pellant, M., 1990. The cheatgrass–wildfire cycle-are there any solutions? In:
McArthur, E.D., Romney, E.M., Smith, S.D., Tueller, P.T. (Comps.), Proceedings-
Symposium on Cheatgrass Invasion, Shrub Die-off, and Other Aspects of Shrub
Biology and Management, 5–7 April 1989, Las Vegas, NV. Gen. Tech. Rep. INT-
276. USDA Forest Service, Intermountain Research Station, Ogden, UT, pp. 11–
18.
Pellant, M., Hall, C., 1994. Distribution of two exotic grasses on public lands in the
Great Basin: status in 1992. In: Monsen, S.B., Kitchen, S.G. (Comps.),
Proceedings-Ecology and Management of Annual Rangelands, 18–22 May
1992, Boise ID. General Technical Report INT-GTR-313. USDA Forest Service,
Intermountain Research Station, Ogden, UT, pp. 109–112.
Pellant, M., Abbey, B., Karl, S., 2004. Restoring the Great Basin Desert, USA:
integrating science, management and people. Environ. Monit. Assess. 99, 169–
179.
Pierson, F.B., Bates, J.D., Svejcar, T.J., Hardegree, S.P., 2007. Runoff and erosion after
cutting western juniper. Range. Ecol. Manage. 60, 285–292.
Pocewicz, A., Kiesecker, J.M., Jones, G.P., Copeland, H.E., Daline, J., Mealor, B.A., 2011.
Effectiveness of conservation easements for reducing development and
maintaining biodiversity in sagebrush ecosystems. Biol. Conserv. 144, 567–574.
Prevéy, J.S., Germino, M.J., Huntly, N.J., Inouye, R.S., 2010. Exotic plants increase and
native plants decrease with loss of foundation species in sagebrush steppe.
Plant Ecol. 207, 39–51.
Radosevich, S.R., Holt, J.S., Ghersa, C.M., 1997. Ecology of Weeds and Invasive Plants:
Relationship to Agriculture and Natural Resource Management. John Wiley and
Sons, Hoboken, New Jersey.
Rafferty, D.L., Young, J.A., 2002. Cheatgrass competition and establishment of desert
needlegrass seedlings. J. Range Manage. 55, 70–72.
Rau, B.M., Chambers, J.C., Blank, R.R., Johnson, D.W., 2008. Prescribed fire, soil, and
plants: burn effects and interactions in the central Great Basin. Range. Ecol.
Manage. 61, 169–181.
Reever-Morghan, K.J., Sheley, R.L., 2005. Seed islands may promote establishment
and expansion of native species in reclaimed mine sites (Montana). Ecol. Restor.
23, 214–215.
Reynolds, T.D., Trost, C.H., 1980. The response of native vertebrate populations to
crested wheatgrass planting and grazing by sheep. J. Range Manage. 33, 122–
125.
Reynolds, T.D., Trost, C.H., 1981. Grazing, crested wheatgrass, and bird populations
in southeastern Idaho. Northwest Sci. 55, 225–234.
Rhodes, E.C., Bates, J.D., Sharp, R.N., Davies, K.W., 2010. Fire effects on cover and
dietary resources of sage-grouse habitat. J. Wildl. Manage. 75, 755–764.
Rickard, W.H., 1985. Experimental cattle grazing in a relatively undisturbed
shrubsteppe community. Northwest Sci. 59, 66–72.
Robertson, J.H., Eckert, R.E., Bleak, A.T., 1966. Response of grasses seeded in
Artemisia tridentata habitat in Nevada. Ecology 47, 187–194.
Romme, W.H., Allen, C.D., Bailey, J.D., Baker, W.L., Bestelmeyer, B.T., Brown, P.M.,
Eisenhart, K.S., Floyd, M.L., Huffman, D.W., Jacobs, B.F., Miller, R.F., Muldavin,
E.H., Swetnam, T.W., Tausch, R.J., Weisberg, P.J., 2009. Historical and modern
disturbance regimes, stand structures, and landscape dynamics in pinon-
juniper vegetation of the western united states. Range. Ecol. Manage. 62, 203–
222.
Samson, F.B., Knopf, F.L., Ostlie, W.R., 2004. Great Plains ecosystems: past, present,
and future. Wildl. Soc. Bull. 32, 6–15.
Sasaki, T., Okayasu, T., Jamsran, U., Takeuchi, K., 2008. Threshold changes in
vegetation along a grazing gradient in Mongolian rangelands. J. Ecol. 96, 145–
154.
Sawyer, H., Neilson, R.M., Lindzey, F., McDonald, L.L., 2006. Winter habitat selection
of mule deer before and during development of a natural gas field. J. Wildl.
Manage 70, 396–403.
Sawyer, H., Kauffman, M.J., Nielson, R.M., 2009. Influence of well pad activity on
winter habitat selection patterns of mule deer. J. Wildl. Manage. 73, 1052–1061.
Schroeder, M.A., Aldridge, C.L., Apa, A.D., Bohne, J.R., Braun, C.E., Bunnell, S.D.,
Connelly, J.W., Deibert, P.A., Gardner, S.C., Hilliard, M.A., Kobriger, G.D.,
McAdam, S.M., McCarthy, C.W., McCarthy, J.J., Mitchell, D.L., Rickerson, E.V.,
K.W. Davies et al. / Biological Conservation 144 (2011) 2573–2584 2583
Stiver, 2005. Distribution of sage-grouse in North America. Condor 106, 363–
376.
Sheley, R.L., Bates, J.D., 2008. Restoring western juniper – (Juniperus occidentalis)
infested rangelands after prescribed fire. Weed Sci. 56, 469–476.
Sheley, R.L., Manoukian, M., Marks, G., 1999. Preventing noxious weed invasion. In:
Sheley, R.L., Petroff, J.K. (Eds.), Biology and Management of Noxious Rangeland
Weeds. Oregon State University Press, Corvallis, OR, pp. 69–72.
Sheridan, T.E., 2007. Embattled ranchers, endangered species, and urban sprawl: the
political ecology of the new AmericanWest. Annu. Rev. Anthropol. 36, 121–138.
Shipley, L.A., Davila, T.B., Thines, N.J., Elias, B.A., 2006. Nutritional requirements and
diet choices of the pygmy rabbit (Bachylagus idahoensis): a sagebrush specialist.
J. Chem. Ecol. 32, 2455–2474.
Simberloff, D., 1998. Flagships, umbrellas, and keystones: is single-species
management passé in the landscape era? Biol. Conserv. 83, 247–257.
Simberloff, D., 2003. Eradication – preventing invasions at the outset. Weed Sci. 51,
247–253.
Skousen, J.G., Davis, J.N., Brotherson, J.D., 1989. Pinyon-juniper chaining and seeding
for big game in central Utah. J. Range Manage. 42, 98–104.
Smoliak, S., Johnston, A., Lutwick, L.E., 1967. Productivity and durability of crested
wheatgrass in southeastern Alberta. Can. J. Plant Sci. 47, 539–547.
Stewart, G., Hull, A.C., 1949. Cheatgrass (Bromus tectorum L.) – an ecologic intruder
in southern Idaho. Ecology 30, 58–74.
Stohlgren, T.J., Schnase, J.L., 2006. Risk analysis for biological hazards; what we need
to know about invasive species. Risk Anal. 26, 163–173.
Suring, L.H., Rowland, M.M., Wisdom, M.J., 2005a. Identifying species of
conservation concern. In: Wisdom, M.J., Rowland, M.M., Suring, L.H. (Eds.),
Habitat Threats in the Sagebrush Ecosystem – Methods of Regional Assessment
and Applications in the Great Basin. Alliance Communications Group, Lawrence,
KS, pp. 150–162.
Suring, L.H., Wisdom, M.J., Tausch, R.J., Miller, R.F., Rowland, M.M., Schueck, L.S.,
Meinke, C.W., 2005b. Modeling threats to sagebrush and other shrubland
communities. In: Wisdom, M.J., Rowland, M.M., Suring, L.H. (Eds.), Habitat
Threats in the Sagebrush Ecosystem – Methods of Regional Assessment and
Applications in the Great Basin. Alliance Communications Group, Lawrence, KS,
pp. 114–149.
Svejcar, T., Tausch, R., 1991. Anaho Island, Nevada: a relict area dominated by
annual invader species. Rangelands 13, 233–236.
Syphard, A.D., Radeloff, V.C., Hawbaker, T.J., Stewart, S.I., 2009. Conservation threats
due to human-caused increases in fire frequency in Mediterranean-climate
ecosystems. Conserv. Biol. 23, 758–769.
Tausch, R.J., Tueller, P.T., 1977. Plant succession following chaining of pinyon-
juniper woodlands in eastern Nevada. J. Range Manage. 30, 44–49.
Tausch, R.J., Tueller, P.T., 1990. Foliage biomass and cover relationships between
tree- and shrub-dominated communities in pinyon-juniper woodlands. Great
Basin Nat. 50, 121–134.
Tausch, R.J., West, N.E., Nabi, A.A., 1981. Tree age and dominance patterns in Great
Basin pinyon-juniper woodlands. J. Range Manage. 34, 259–264.
Tausch, R.J., Wigand, P.E., Burkhardt, J.W., 1993. Viewpoint: plant community
thresholds, multiple steady states, and multiple successional pathways: legacy
of the Quaternary? J. Range Manage. 46, 439–447.
Tear, T.H., Scott, J.M., Hayward, P.H., Griffith, B., 1995. Recovery plans and the
Endangered Species Act: are criticisms supported by data? Conserv. Biol. 9,
182–195.
Thompson, J.N., Reichman, O.J., Morin, P.J., Polis, G., Power, M.E., Sterner, R.W., Couch,
C.A., Hold, R., Hooper, D.U., Keesing, F., Lovell, C.R., Milne, B.T., Molles, M.C.,
Roberts, D.W., Strrauss, S.Y., 2001. Frontiers of ecology. Bioscience 51, 15–24.
Tisdale, E.W., Hironaka, M., Fosberg, M.A., 1969. The Sagebrush Region in Idaho.
University of Idaho, Agricultural Experiment Station Bulletin 512, Moscow, ID.
Trlica, M.J., Biondini, M.E., 1990. Soil water dynamics, transpiration and water losses
in a crested wheatgrass and native shortgrass ecosystem. Plant Soil 126, 187–
201.
Urness, P.J., Austin, D.D., Fierro, L.C., 1983. Nutritional value of crested wheatgrass
for wintering mule deer. J. Range Manage. 36, 225–226.
Vander Haegen, W.M., Dobler, F.C., Pierce, D.J., 2000. Shrubsteppe bird response to
habitat and landscape variables. Conserv. Biol. 14, 1145–1160.
Vitousek, P.M., Mooney, H.A., Lubchenco, J., Melillo, J.M., 1997a. Human domination
of Earth’s ecosystems. Science 277, 494–499.
Vitousek, P.M., D´Antonio, C.M., Loope, L.L., Rejmanek, M., Westbrooks, R., 1997b.
Introduced species: a significant component of human-caused global change. N.
Z. J. Ecol. 21, 1–16.
Waldron, B.L., Monaco, T.A., Jensen, K.B., Harrison, R.D., Palazzo, A.J., Kulbeth, J.D.,
2005. Coexistence of native and introduced perennial grasses following
simultaneous seeding. Agron. J. 97, 990–996.
Walker, B.L., Naugle, D.E., Doherty, K.E., 2007. Greater sage-grpouse population
response to energy development and habitat loss. J. Wildl. Manage. 71, 2644–
2654.
Wallestead, R.O., Peterson, J.G., Eng, R.L., 1975. Foods of adult sage grouse in central
Montana. J. Wildl. Manage. 39, 628–630.
Weisberg, P.J., Emanuel, L., Pillai, R.B., 2007. Spatial patterns of pinyon-juniper
expansion in central Nevada. Range. Ecol. Manage. 60, 115–124.
West, N.E., Young, J.A., 2000. Intermountain valleys and lower mountain slopes. In:
Barbour, M.G., Billing, W.D. (Eds.), North American Terrestrial Vegetation.
Cambridge University Press, Cambridge, UK, pp. 255–284.
West, N.E., Tausch, R.J., Rea, K.H., Tueller, P.T., 1978. Taxonomic determination,
distribution, and ecological indicator values of sagebrush within the pinyon-
juniper woodlands of the Great Basin. J. Range Manage. 31, 87–92.
West, N.E., Provenza, F.D., Johnson, P.S., Owens, M.K., 1984. Vegetation change after
13 years of livestock grazing exclusion on sagebrush semidesert in west central
Utah. J. Range Manage. 37, 262–264.
Whisenant, S.G., 1990. Changing fire frequencies on Idaho’s Snake River Plains:
ecological and management implications. In: McArthur, E.D., Romney, E.M.,
Smith, S.D., Tueller, P.T. (Comps.), Proceedings: Symposium on Cheatgrass
Invasion, Shrub Die-off and Other Aspects of Shrub Biology and Management.
USDA General Technical Report INT-276, Ogden, UT, pp. 4–10.
Wiens, J.A., Bachelet, D., 2010. Matching the multiple scale of conservation with the
multiple scales of climate change. Conserv. Biol. 24, 51–62.
Wijayratne, U.C., Pyke, D.A., 2009. Investigating Seed Longevity of Big Sagebrush
(Artemisia tridentata). Open-File Report 2009-1146, US Geological Survey,
Reston, VA.
Wilkins, N., Hays, A., Kubenka, D., Steinbach, D., Grant, W., Gonzalez, E., Kjelland, M.,
Shackelford, J., 2003. Texas Rural Lands: Trends and Conservation Implications
for the 21st Century. Texas A&M University, College Station, TX.
Winward, A.H., 1980. Taxonomy and Ecology of Sagebrush in Oregon. Oregon State
University. Oregon Agricultural Experiment Station Bulletin 642, Corvallis, OR.
Winward, A.H., Tisdale, E.W., 1977. Taxonomy of the Artemisia tridentata Complex in
Idaho. University of Idaho, Forest, Wildlife, and Range Experiment Station
Bulletin 15, Moscow, ID.
Wisdom, M.J., Rowland, M.M., Suring, L.H., Schueck, L., Meinke, C.W., Knick, S.T.,
2005. Evaluating species of conservation concern at regional scales. In: Wisdom,
M.J., Rowland, M.M., Suring, L.H. (Eds.), Habitat Threats in the Sagebrush
Ecosystem – Methods of Regional Assessment and Applications in the Great
Basin. Alliance Communications Group, Lawrence, KS, pp. 5–24.
Young, J.A., 1992. Ecology and management of medusahead (Taeniatherum caput-
medusae ssp. Asperum [SIMK.] Melderis). Great Basin Nat. 52, 245–252.
Young, J.A., Allen, F.L., 1997. Cheatgrass and range science. 1930–1950. J. Range
Manage. 50, 530–535.
Young, J.A., Evans, R.A., 1989. Dispersal and germination of big sagebrush (Artemisia
tridentata) seeds. Weed Sci. 37, 201–206.
Young, K., Mangold, J., 2008. Medusahead outperforms squirreltail through
interference and growth rate. Invasive Plant Sci. Manage. 1, 73–81.
Young, J.A., Evans, R.A., Rimbey, C., 1985. Weed control and revegetation following
western juniper (Juniperus occidentalis) control. Weed Sci. 33, 513–517.
Ziegenhagen, L.L., Miller, R.F., 2009. Postfire recovery of two shrubs in the
interiors of large burns in the Intermountain West, USA. West. N. Am. Nat.
69, 195–205.
Ziska, L.H., Reeves III, J.B., Blank, R.R., 2005. The impact of recent increases in
atmospheric CO2 on biomass production and vegetative retention of cheatgrass
(Bromus tectorum): implications for fire disturbance. Global Change Biol. 11,
1325–1332.
2584 K.W. Davies et al. / Biological Conservation 144 (2011) 2573–2584
